PATENCY OF THE DUCTUS ARTERIOSUS
, a fetal arterial connection between the pulmonary artery and the descending aorta, is essential in gestation. The morphology and function of the DA change dramatically during development. At late gestation the deposition of extracellular matrix in the subendothelium is increased, and smooth muscle cells of the media migrate into this region, resulting in intimal thickening (2, 12) . After birth, the DA closes immediately through the contraction of its smooth muscle by an increase in oxygen tension, and a dramatic decline in circulating prostaglandins (8) . The DA later undergoes permanent closure through structural remodeling and apoptosis. The DA, however, remains patent after birth, especially in premature infants, which is responsible for significant morbidity and mortality. Therefore, it is important to understand the precise mechanisms by which the DA exhibits developmental mode-specific remodeling. We hypothesized that this specification of the DA is largely dependent on the expression of a distinct subsets of genes involved in developmental vascular remodeling.
Retinoic acid (RA), a metabolite of vitamin A, is one of the most important regulatory factors of gene transcription for cardiovascular development (9, 30) . Maternal vitamin A administration (MVA) exerts its effect through oxidized metabolites of retinol. Colbert et al. (10) demonstrated that a strong RA response signal was predominantly detected in the developing DA and that the signal was colocalized with the expression of the adult-specific smooth muscle myosin heavy chain (MHC) isoform, SM2. They have suggested that RA plays an important role in differentiation and maturation of the DA. Accordingly, Momma's group has demonstrated that MVA enhances the susceptibility of contraction of the rat DA in response to oxygen exposure (35) or indomethacin (20) even in the premature fetus at day 19 of gestation, suggesting that MVA accelerates vascular maturation of the DA in premature fetuses, at least in terms of vascular contraction. On the basis of these animal experiments, vitamin A therapy is considered to be a potent, novel strategy for DA closure in premature infants (29) . However, the first clinical trial using vitamin A therapy has failed in premature infants with patent DA (25) . To determine whether vitamin A therapy is really worthwhile for premature infants with patent DA, the precise mechanism of MVA-mediated maturation of DA needs to be clarified. Since the developmental mode-specific remodeling of DA is largely dependent on precise regulation of gene expression, RA may alter the transcriptional profiling from immature to mature state of the DA. Accordingly, to understand the precise network of distinct subsets of genes that are regulated by MVA, we have performed comprehensive analyses of gene expression patterns in DA in the presence or absence of MVA.
MATERIALS AND METHODS

Vitamin A Administration
The experiments were approved by the Ethical Committee of Animal Experiments of Yokohama City University School of Medi-cine. Vitamin A (retinyl palmitate, 33 mg, which is equivalent to 18 mg of retinol) (Eisai, Tokyo, Japan) was diluted with polyoxyethylene castor oil and was injected intramuscularly daily into pregnant Wistar rats from the 17th day of gestation at doses of 1 mg (3,000 IU)/kg body wt as previously described (36) . The dose of vitamin A was determined in accordance with the previous studies (20, 35) . We confirmed a significant increase in serum retinol palmitate concentration in vitamin A-injected maternal rats (at least Ͼ300 g/dl) by HPLC.
Tissue Collection and Preparation
Pooled tissues from the DA in the presence or absence of MVA were obtained from Wistar rat fetuses on the 19th day of gestation (preterm, n Ն 120) and the 21st day of gestation (term, n Ն 120), and from neonates on the day of birth (n Ն 120). Since the timing of tissue collection after birth is critical, we collected the postnatal DA samples between 3 and 6 h after birth. The total number of MVA was two times in the 19-day fetuses and four times in the 21-day fetuses and neonates. Therefore, it should be noted that the conditions of MVA treatment were not exactly the same among MVA-treated animals. After excision, tissues were immediately frozen in liquid nitrogen and stored at Ϫ80°C.
Total RNA Preparation and DNA Microarray Analysis
Total RNA was isolated from pooled tissues with TRIzol (Invitrogen). After treatment with DNase I (Promega, Tokyo, Japan), a second clean-up step was performed on the isolated RNA, using an RNeasy Mini total RNA Preparation Kit (Qiagen, Tokyo, Japan). Total RNA was converted to biotin-labeled cRNA that was hybridized to rat genome U34A GeneChip DNA microarray (Affymetrix, Santa Clara, CA) for 16 -24 h at 45°C. The hybridization signals on the microarray were scanned and analyzed by GeneArray Scanner and Microarray Suite Software (Affymetrix), respectively. The hybridization experiments were performed in duplicate. At the first step, sequences without expression in DA at each developmental mode, which were indicated as "absent" by "absolute analysis" of Microarray Suite Software, were eliminated from the data set. Then, if the difference in the signal intensities of a given sequence tag was equal to the cut-off (ϭ2.5-fold) or more at any developmental mode or between any two developmental modes, and if the "comparison analysis" of the Microarray Suite Software indicated "increased" or "decreased" at any developmental mode with Ն2.5-fold difference or between any two with such a difference, that sequence tag was employed for further analyses. The signal intensities of duplicate genes were averaged. For cluster analysis related to developmental changes in gene profiles, the signal intensities were standardized by subtracting the mean across groups of interest and dividing by the groups' standard deviation, so that the mean and the standard deviation for each sequence tag was 0 and 1, respectively. Expression pattern clusters were defined by subjecting the standardized signal intensities to the hierarchical tree-clustering algorithm, using the SYSTAT program (SYSTAT Software). For the hierar- Fig. 1 . Hierarchial clustering of 166 genes that were changed significantly during development in DA. Color bar indicates the relative changes in mean normalized intensity of expression of these genes. The Euclidean distance during hierarchical clustering gave rationale to classify genes into 3 clusters shown at right. Three line graphs showed the changes in the standardized expression levels at each developmental mode in DA. Data are expressed as means Ϯ SD of standardized signal intensities. DA, ductus arteriosus. Continued chical tree analysis, Euclidean distance and Ward's method were employed as the distance measure and the linkage rule, respectively. For cluster analysis related to MVA, the selected genes were defined by subjecting the difference in the signal intensities to "increase (Ն2.5)" and "decrease (Յ0.4)" by MVA at each developmental mode. Then, the selected genes were patterned into four groups in accordance with the developmental differences of signal intensity affected by MVA. All the microarray data in the present study were deposited to the GEO repository (http://www.ncbi. nlm.nih.gov/projects/geo/; accession number GSE3420).
Primary Culture of Rat DA Smooth Muscle Cells
Vascular smooth muscle cells (SMCs) in primary culture were obtained from DA of Wistar rat fetuses at the 21st day of gestation. Minced tissues were transferred to 800 l of collagenase-dispase enzyme mixture as described previously (36) . DA SMCs were harvested in DMEM containing 0.1% fetal calf serum in ambient air in the presence or absence of all-trans retinoic acid (atRA) at a concentration of 10 nM for 4 days. DA SMCs were collected with TRIzol (Invitrogen).
Tissue Staining and Immunohistochemistry
Paraffin-embedded blocks containing DA tissues were prepared as previously demonstrated (37) . Hyaluronic acid (HA) staining was done as described previously (37) . For immunostaining of fibronectin, a rabbit anti-mouse antibody for fibronectin (Santa Cruz) was incubated at 4°C overnight.
SMC Migration Assay
DA SMCs were harvested in DMEM containing 0.1% fetal calf serum in the presence or absence of atRA at a concentration of 10 nM for 3 days. DA SMC migration assay was performed as previously demonstrated with some modifications (37) .
Quantitative RT-PCR Analyses
To verify the microarray hybridization results, we performed quantitative RT-PCR analyses from the same RNA samples used for microarray hybridization as described previously (19, 33) . The specifics for PCR primers used in RT-PCR analyses is provided in Supplemental Table S1 .
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RESULTS
Development-dependent Gene Profiles in DA
Since the morphology and function of DA dramatically change during development, we investigated the developmental changes in the gene profiles in DA. Among a total of 8,740 probe sets, a total of 163 genes (219 probe sets) showed the significant difference (Ն2.5-fold) between any two developmental modes. The Euclidean distance during 1 The online version of this article contains supplemental material. Tables 1-3 ). Three probe sets encoding common genes (AF077354_g_at and AF077354_at for heat shock protein 4; rc_AA925762_at, rc_AA859896_at and rc_AA955167_s_at for myristoylated alanine-rich protein kinase C substrate; rc_AA818604_s_at, Z75029_s_at and L16764_s_at for heat shock protein 1) belonged to two different clusters, resulting in the inconsistency in numbers between a total of 163 genes and summation of numbers of each cluster (n ϭ 166). Of 61 genes in the preterm-dominant cluster (Table 1) , most of genes have not been characterized in DA. The pretermdominant cluster includes five genes encoding proteins related to cytoskeletal organization and the extracellular matrix such as the MHC polypeptide 7 (Myh7) and cardiac ␣-actin (Actc1). This cluster also contained many transport-related genes such as albumin and ␣-fetoprotein.
Of 67 genes in the term-dominant cluster (Table 2) , several genes such as fibronectin; prostaglandin E receptor 4 (subtype EP4) (Ptger4); cGMP-specific phosphodiesterase 5A (Pde5a); and ATP-binding cassette, subfamily C, member 9 (Abcc9) have physiological roles in DA. However, most genes have an unknown function in DA. Since the vascular remodeling of DA becomes prominent in the late stage of gestation (term), genes in the term-dominant cluster may be potential targets for regulatory factors of vascular remodeling and maturation in DA.
Of 38 genes in the postnatal dominant cluster (Table 3) ,most of genes have not been characterized in DA. There were many immediate-early genes such as Jun B, early growth response 1 (Egr1), zinc finger protein 36, dual specificity phosphatase 1, and B-cell translocation gene 2 (Btg2) in this cluster. Genes in this cluster may represent the response to the transition from fetal to neonatal circulation.
Changes in Gene Profiles by MVA in DA
Among a total of 8,740 probe sets, a total of 91 genes (116 probe sets) showed significant difference between DA in the presence or absence of MVA at least at one developmental mode. The effects of MVA on transcriptional profiles in the DA were dependent on its developmental mode. Based on the developmental mode-specific effects of MVA on gene expression, we classified the 116 probe sets into four groups: downregulation, preterm upregulation, perinatal upregulation, and postnatal upregulation (Fig. 2) . Cyclin D2 was assigned to two groups in a probe set-dependent manner (D16308_at and rc_AA899106_ at), resulting in the inconsistency in numbers between a total of 91 genes and summation of numbers of each group (n ϭ 92).
In cluster A (downregulation), in the absence of MVA, the averaged signal intensities of genes in this cluster were developmentally decreased from preterm to term. Of 27 genes, 22 genes belonged to the preterm-dominant cluster. MVA decreased the gene expression levels, especially at preterm (Table 4) . Accordingly, the expression levels of MVA-treated genes at preterm became similar to expression levels of nontreated DA at term, suggesting that MVA promoted the downregulation of these genes. Many transport-related genes such as albumin and ␣-fetoprotein belonged to this group. In cluster B (upregulation at preterm), in the absence of MVA, the averaged signal intensities of genes in this cluster were developmentally increased from preterm to term. Of 24 genes, 19 genes belonged to the perinatal dominant cluster. MVA upregulated the gene expression at preterm (Table 5) . Accordingly, the expression levels of MVA-treated genes at preterm became similar to expression levels of nontreated DA at term, indicating that MVA promoted the upregulated expression of genes. In both cluster A and B, MVA promoted the developmental changes in gene profiles, resulting in a global profile at preterm that resembled that of the control animal at term.
In cluster B, the physiological roles of three genes have been identified in DA: fibronectin 1 (3); Pde5a (32); and ATP-binding cassette, subfamily C (CFTR/MRP), member 9 (Abcc9) (21) . Abcc9 is also known as sulfonylurea receptor 2 (SUR2), a component of ATP-sensitive potassium (KATP) channel. We will discuss the role of these genes in vascular remodeling and/or contraction later in Specific Genes of Interest. The physiological roles of other genes have not been clarified in DA.
In cluster C (perinatal upregulation), in the absence of MVA, the averaged signal intensities of genes in this cluster were developmentally decreased. MVA maintained the expression levels of five genes at term at similar or even higher levels of those at preterm (Table 6 ). Among them, four genes were related to cytoskeleton organization and belonged to the preterm-dominant cluster.
In cluster D (postnatal upregulation), in the absence of MVA, the averaged signal intensities of genes in this cluster were decreased at birth. MVA maintained the expression levels of these genes at birth at similar or even higher levels of those at preterm and term (Table 7) . Of 37 genes, three and 14 genes belonged to the preterm-and term-dominant clusters, respectively. Vascular endothelial growth factor (VEGF), which plays an important role in vascular remodeling of DA (6), belonged to this cluster. The expression levels of integrin ␣1 and ␤3 gene were significantly increased by MVA at birth. In addition, several genes involved in cell differentiation and apoptosis were found in cluster D. The physiological role of most genes, however, has not been identified in DA.
Interestingly, the expression of half of genes in the pretermdominant (30/61) and term-dominant clusters (33/67) was altered in response to MVA, whereas that of only 5% of genes in postnatal dominant cluster (2/38) was changed by MVA, indicating that fetus-dominant genes were susceptible to retinoid signal.
Specific Genes of Interest
Extracellular matrix. Since extracellular matrix has profound effects on vascular remodeling of DA (24), RA-mediated changes in extracellular matrix are of great interest. We found that MVA significantly increased fibronectin transcripts at preterm and integrin ␣1 and ␤3 transcripts after birth (Fig. 3, A-C) . The expression levels of other genes encoding extracellular matrix proteins including collagens, heparan sulfate proteoglycans, chondroitin sulfate proteoglycans, and laminins were not altered by MVA (Fig. 3,  D-G) . In addition to fibronectin, HA plays an important role in intimal cushion formation in DA (3, 37) . No information regarding HA synthase (HAS) was available in the present study, since there was no probe for a gene encoding HAS in the rat genome U34A GeneChip. Therefore, by quantitative RT-PCR analysis, we investigated the expression of HAS2, a predominant isoform in vascular SMCs. MVA increased the expression of HAS2 mRNA by 1.8-fold at preterm (Fig. 3H) . Since previous studies have demonstrated that fibronectin and HA play an important role in intimal cushion formation (2, 17, 37), we hypothesized that upregulation of fibronectin and HA by MVA may accelerate the formation of intimal cushion at preterm. We found that intimal cushion formation was already visible in MVA-treated DA at preterm as usually seen in DA at term, whereas it was rarely found in control DA at preterm (Fig. 4A) . Accordingly, the intimamedia ratio was higher in MVA-treated DA than in control DA at preterm (Fig. 4B) , even though the media of the smooth muscle layer was thicker in MVA-treated DA than in control DA at preterm (Fig. 4C) . The thickness of intimal cushion was not different between MVA-treated DA than in control DA at term. We also found strong HA and fibronectin staining in MVA-treated DA at preterm at a similar level with that in control DA at term (Fig. 4A) . Furthermore, we investigated the effects of atRA on DA SMC migration using a modified Boyden chamber method, because SMC migration into the subendothelial layer is an important cellular process for intimal cushion formation in DA. In the presence of atRA, SMC migration was slightly increased at basal level although the value did not reach statistical significance (Fig. 5A) . PDGF, a potent enhancer of cell migration, significantly increased DA SMC migration. atRA administration further increased PDGF-induced migration (Fig. 5A) . The expression of fibronectin was significantly increased in atRAtreated DA SMCs when compared with that in nontreated DA SMCs (Fig. 5B) . The expression of HAS2 was also increased in atRA-treated DA SMCs, although the value did not reach statistical significance (Fig. 5B) . In the Developmental Cluster column, "not" indicates that the gene does not belong to any developmental mode-specific cluster.
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Cytoskeleton. Since the composition of the genes related to cytoskeletal organization is known to be an excellent marker of muscle differentiation, we evaluated the effects of MVA on the expression of myofibril-related genes in DA in detail. As described above, the expression levels of fetal cardiac type of five myofibril-related genes remained the same or showed elevated expression levels compared with those at preterm by MVA (Fig. 6, A-E) . Accordingly, MVA tended to prevent the genes encoding cardiac myofibrillar proteins from developmentally dependent downregulation in matured DA, resulting in retarded smooth muscle differentiation in DA. The expression of the gene encoding similar to Myh11 protein was upregulated at preterm by MVA (Fig. 6F) . By contrast, the expression levels of the smooth muscle MHC genes such as SM22, SM1, and SM2 were not altered by MVA (Fig. 6, G-I) . Although most of data were consistent between quantitative RT-PCR and microarray analyses, it should be noted that there was an inconsistency between quantitative RT-PCR and microarray data regarding the expression of SM22 mRNA (Supplemental Fig. S2 ). The microarray analysis showed that the expression of SM22 mRNA was further upregulated after birth, whereas quantitative RT-PCR analysis demonstrated that it DA, ductus arteriosus. In the DA Development column, "not" indicates that the gene does not belong to any developmental mode-specific cluster.
was decreased from the 21-day of gestation to a postnatal period. Because Colbert et al. (10) demonstrated that endogenous RA signaling, which colocalized with advanced expression of SM2, promoted SM2 induction during development and a number of studies have demonstrated that RA induces differentiation in vascular SMCs (15, 18) , the above finding was somehow unexpected. Therefore, we investigated the effect of atRA on the expression of myofibrillar genes such as Myh7, Actc1, Tnni3, SM22, SM1, and SM2 using cultured DA SMCs. We found that atRA upregulated SM1, SM2, and SM22 mRNAs and downregulated Myh7 mRNA in cultured DA SMCs (Fig. 7) . Thus, the result obtained from cultured DA SMCs was apparently different from the DNA microarray data obtained from in vivo MVA-treated DA.
Phosphodiesterase. The PDE gene superfamily consists of at least nine genes: Pde1 to Pde9 (14) . The present microarray analyses revealed that Pde1, Pde2, Pde3, Pde4b, and Pde5a were present in DA at least at one developmental mode and that Pde5a was the only isoform whose expression was significantly altered by MVA (Fig. 8) . Both quantitative RT-PCR and microarray analyses demonstrated MVA upregulated Pde5a mRNA at preterm, although they showed an inconsistency in the postnatal expression (Supplemental Fig. S3) .
Ion channels and pumps. Nakanishi et al. (21) have demonstrated that KATP channels play an important role in oxygeninduced vasoconstriction of DA. KATP channels are heterooctameric proteins composed of inwardly rectifying potassium channels and SUR subunits. We found that MVA increased SUR2 (Abcc9) transcripts at preterm (Fig. 9A) . Another SUR isoform, SUR1, was called "absent" in DA. Among inwardly rectifying potassium channels, Kir6.1 and Kir1.1 were called "present" in DA. The expression of both genes was not affected by MVA (Fig. 9, B and C) . Other potassium channels, such as Kv1.5 and Kv2.1, were called "absent" in DA. We also found that two channel-related genes encoding potassium channel tetramerization domain containing 12 (predicted) and voltage-dependent anion channel 1 belonged to cluster B and D, respectively (Fig. 9, D and E) . Sarcoplasmic reticulum Ca 2ϩ ATPase (ATPase, Ca 2ϩ transporting, cardiac muscle, slow twitch 2) mRNA was postnatally upregulated by MVA (Fig.  9F) . Phospholamban, an endogenous inhibitory protein of sarcoplasmic reticulum Ca 2ϩ ATPase, was called "absent" in DA.
Other genes of which a functional role has been well characterized in DA. Clyman et al. (6) has demonstrated that VEGF plays an important role in the formation of neointimal mounds and vasa vasorum in-growth during permanent ductus closure. MVA postnatally increased the expression of VEGF-A mRNA (Fig. 10A) . Endothelin-1 has been known to induce contraction of DA, resulting in postnatal DA closure (11, 31) . MVA did not alter the expression of endothelin-1 and endothelin converting enzyme (Fig. 10, B and C) . Endothelin receptor A and B were called "absent" in DA. Since prostaglandin E receptor subtype 4 (EP4) and cyclooxygenase-1 and -2 (COX-1, -2) play a critical role in the patency of DA (16, 22, 27) , the effect of MVA on the expression of these genes is of great interest. The expression levels of EP4, COX-1, and Intimal cushion formation was already visible in MVA-treated DA at preterm as usually seen in DA at term, whereas it was rarely found in control DA at preterm. Intimal cushion formation was similar between MVA-treated and control DA at term. HA production was visualized by HABP stain (middle). The stain of HABP and fibronectin was increased in preterm DA in the presence of MVA. Scale bars, 100 m. B: intima-media ratio was higher in MVA-treated DA than in control DA at preterm. C: media of DA was thicker MVA-treated DA than in control DA at preterm (n ϭ 5-7). Data are expressed as means Ϯ SE. Arrowheads indicate the region of intimal thickening. **P Ͻ 0.01 and ***P Ͻ 0.001. HABP, HA binding protein (HABP).
COX-2 mRNAs were not significantly altered by MVA (Fig.  10, D-F) .
Confirmation of Accuracy of Microarray Hybridization Results by Quantitative Real-Time RT-PCR Analyses
To confirm the accuracy of microarray hybridization results, we used quantitative RT-PCR analyses to examine the expression of 13 mRNAs: SM1, SM2, SM22, Myh7, Actc1, Tnnt2, Tnni3, Pde5a, Abcc9, Kcnj8, EP4, endothelin-1, and fibronectin 1. Although there were incongruent data between microarray and quantitative RT-PCR analyses in individual genes, we found significant correlation between microarray hybridization and quantitative RT-PCR results (Supplemental Fig. S4 ), indicating that the present results described above were verified.
DISCUSSION
The present microarray analysis revealed that the gene expression profiles in the DA dramatically changed during development. The changes in the expression of the distinct subsets of genes are responsible at least in part for the changes in morphology and function of the DA during development. Genes in the preterm-dominant cluster and in the term-dominant cluster may be associated with immaturity and maturity of the DA, respectively. Genes in the postnatal-dominant cluster may be associated with the response to the transition from fetal to neonatal circulation. In accordance with the developmental changes in gene profiles, one of the important findings of the present study is that the effects of MVA on gene expression profiles are dependent on DA development and conditions such as the transition from fetal to neonatal circulation. About half of the genes in the preterm-dominant and term-dominant clusters responded to MVA, whereas only 5% of genes in the postnatal-dominant cluster responded to MVA. These results indicated that fetus-dominant genes were susceptible to retinoid signal. On the other hand, it should be noted that a considerable number of genes were postnatally upregulated by MVA (see cluster D), even though these genes were exposed to RA stimuli from the 17th day of gestation. Therefore, the results suggest that in addition to RA signals, other postnatal factors such as oxygen must play a role in the regulation of MVA-related gene expression after birth. In this regard, Demary et. al. (13) have demonstrated that RA receptor activity is regulated by redox state. Costa et al. (11) also demonstrated that oxygen changed gene expression profiles in rat DA. Not only oxygen, but also declined circulating PGE 2 may contribute to MVA-related postnatal upregulation of genes. Further , and Myh11 (F) mRNAs were upregulated by MVA. MVA did not change these expression levels of SM22 (G), SM1 (H), and SM2 (I) mRNAs. Data are expressed as means of duplicate experiments in expression value. E, Nontreated DA; F, MVA-treated DA; *2.5-fold difference between nontreated and MVA-treated DA. Myh7, myosin, heavy polypeptide 7, cardiac muscle, beta; Actc1, actin alpha cardiac 1; Myl7, myosin, light polypeptide 7, regulatory; Tnnt2, troponin T2, cardiac; Tnni3, troponin I type 3 (cardiac); Myh11, myosin, heavy polypeptide 11, smooth muscle; SM22, transgelin; SM1, smooth muscle myosin heavy chain 1; SM2, smooth muscle myosin heavy chain 2. study is required to identify the factor(s) that synergistically affect the gene profiles in MVA-treated DA after birth.
We found that MVA promoted the developmental changes in gene profiles, especially at preterm, resulting in a global gene profile at preterm largely resembling that of the control animal at term. These results suggested that MVA could promote an earlier maturation of the functions and structure of DA. In this sense, we found that MVA promoted intimal cushion formation in premature DA. Accordingly, genes in cluster Aand B are primary candidates to be involved in MVA-promoted intimal cushion formation. The present study showed that MVA increased fibronectin 1 and HAS2 transcripts at preterm, which is consistent with the previous studies demonstrating that RA increased the expression of fibronectin (28) and HAS2 (26) mRNAs. Previous studies have demonstrated that fibronectin and hyaluronan play a critical role in intimal cushion formation in DA (2, 3, 17, 37) . We also found that atRA significantly increased PDGF-mediated DA SMC migration. Accordingly, the increases in fibronectin and HAS2 transcripts could contribute to MVA-promoted SMC migration and thus intimal cushion formation of the DA at preterm. Furthermore, among clusters A and B, several genes such as moesin (1), angiotensin II receptor type 2 (34), lysyl oxidase (23), insulin growth factor 2 (38), and coagulation factor 2 (F2: thrombin) (4) have been known to be associated with formation of neointimal thickening in other vascular smooth muscles. Therefore, it is likely that MVA also promotes maturation of DA at preterm in terms of vascular remodeling. Further investigation is warranted to explore the physiological role of these genes in vascular remodeling in DA.
In addition, previous studies have demonstrated that MVAtreated rat DA at preterm responded to vasoconstrictive stimuli such as oxygen to the same degree as control DA at term, whereas nontreated DA at preterm did not (20, 35) , indicating that MVA accelerates functional maturation of DA at preterm. Among 51 genes in clusters A and B, Pde5 (32) and KATP (21) have been assigned a role in oxygen-induced vasoconstriction of DA. Therefore, the present study supported that Pde5a and SUR2 (Abcc9) are involved in the MVA-promoted sensitivity of premature DA to oxygen-induced contraction. In addition to Pde5a, we also found that MVA increased the expression of Pde4b gene in DA (Fig. 8) , although it did not reach statistical significance. Since Pde4 modulates generation of reactive oxygen species through activation of cAMP-PKA pathway (14) , Pde4b may also modulate the relaxant action of PGE 2 . Furthermore, the expression of potassium channel tetramerization domain containing 12 (predicted) mRNA was upregulated by MVA at preterm (Fig. 9D) . The function of this gene has remained unknown. Since potassium channels are involved in oxygen-induced contraction of DA, it is intriguing to investigate whether potassium channel tetramerization domain containing 12 plays a role in oxygen-induced contraction of DA.
MVA postnatally increased the expression of VEGF-A and integrin ␣1 and ␤3 mRNAs that also have been known to play a role in vascular remodeling in DA (5-7). Clyman et al. (6) has demonstrated that VEGF promotes the formation of neointimal mounds and vasa vasorum in-growth during permanent ductus closure. Integrin ␣1 and ␤3 have been known to play a role in DA SMC adhesion and migration (5, 7) . Therefore, MVA may contribute to permanent closure of DA after birth via increases in VEGF-A and integrin ␣1 and ␤3 mRNAs. In addition, several genes involved in cell differentiation and apoptosis in cluster D may also contribute to promotion of postnatal vascular remodeling and thus permanent closure of DA.
Although we show that MVA accelerates maturation of DA, an unexpected, but important finding of the present study is that MVA prevented the downregulation of several cardiac myofibrillar genes in DA during development. We found that MVA did not significantly increase the transcripts of differentiated myofibrillar proteins such as SM1, SM2, and SM22 in DA. On the contrary, the expression levels of fetal cardiac type of myofibril-related genes remained the same or showed higher expression levels of those at preterm by MVA. Therefore, MVA may have the effect, at least in part, of diminishing the distinct profiles of SMC phenotype in DA. These results suggested that MVA retarded the smooth muscle specification of DA in term of myofibrillar genes. This finding was different from other previous studies (10, 15, 18) and our in vitro study using cultured DA SMCs. We assume that the difference is due to the experimental conditions. Because the transcripts of differentiated smooth myofibrillar proteins such as SM2 have already been highly upregulated in in vivo DA, the additional RA signal via MVA has little effect on it. On the other hand, cultured in vitro SMCs could respond to RA signals, because they may exhibit poorly differentiated character. To our knowledge, no study has demonstrated the effect of RA signal on the expression of fetal cardiac myofibrillar genes in an in vivo artery. Further study will be apparently required to understand the distinct responses of myofibrillar genes to RA signal in different experimental conditions of DA SMCs.
In conclusion, by using comprehensive microarray analyses, we found 91 RA-related genes in the DA during developmental vascular remodeling. In addition to the expected genes, microarray analysis uncovered many genes whose roles were not previously recognized in DA. MVA promoted the developmental changes in gene profiles, especially at preterm, which could be associated with earlier functional and structural maturation of DA. These data imply the beneficial effect of vitamin A therapy for premature infants with patent DA. On the other hand, vitamin A therapy may retard myofibrillar differentiation of DA SMCs. Moreover, the response to vitamin A was quite different before and after birth. These should be taken into account when early vitamin A therapy would be adopted in premature infants. Our data provide a basis for understanding the molecular mechanisms underlying the MVA/RA-mediated differentiation and remodeling of DA. 
